Monoclonal antibodies (MAbs) capable of recognizing developmental stage-specific neuronal epitopes are becoming increasingly available. Because most of these MAbs are raised in a single species (mouse), simultaneous immunofluorescent detection of multiple epitopes has been diflticult. We have taken advantage of the high sensitivity of tyramide signal amplification to develop a protocol that permits simultaneous detection of two antibodies raised in the same species. One primary antibody was applied at a concentration below the detection limit of fluorescently labeled secondary antibodies, yet sufftcient for detection with the tyramide system. This first primary antibody was then efkively neglected during application of a second primary antibody that was detected by conventional fluorescently labeled sec-ondary antibodies. Specifically, dual labeling for nestin and soc cells from immature postmitotic neurons, and syn?pein I and GAP4 immunostainbg was used to distinguish neurons with established ~y~p c i c COMCC~~OIIS from developing neurons. We have used this technique for staining both tissue sections and cultured & from the embryonic mouse brain. This techuiquc should be widely applicable and o&rs a simple proccdutc for simultanmdy detecting two antigens when antibodies from only a single species are available. ( J Histochem C y " 4kU31-1335, I%%) 
Introduction
Immunocytochemistry is used to identify antigens in specific cell types and to co-localize multiple antigens present in individual cells. Bound primary antiserum is usually detected by secondary antiserum conjugated to enzymes, gold, fluorophores, or other molecules. To simultaneously detect two antigens in single sections, colocalization protocols typically use primary antibodies raised in two different species (van der Loos et al., 1993; Hermiston et al., 1992) . In detecting two antisera raised in the same species, however, recognition of both primary antibodies by the secondary antibodies is a major concern. This problem can be overcome by a number of methods. Two primary antibodies can be detected sequentially by blocking the antigenicity of the first primary antibody before application of the second primary antibody. This can be done by eluting the antibody itself (Tramu et al., 1978) or by completely masking the antibody by deposition ofa permanent reaction product such as silver granules (Roth et al., 1990) . Alternatively, primary antibodies can be directly conjugated to fluorophores (Stengl and Hildebrand, 1990) , enzymes (Boorsma, 1984) , or other molecules (Hartig et al., 1995;  Wurden and Homberg, 1993) so that the conjugate itself can then be detected instead of detecting the immunoglobulin portion of the primary antibody. These detection systems require additional steps to modlfy the primary antisera and often are time consuming and less sensitive than those using conventional fluorophore-conjugated secondary antisera.
Tyramide deposition catalyzed by horseradish peroxidase (HRP) has been used to greatly ampllfy signals in a variety of applications including immunoassays (Bobrow et al., 1989 (Bobrow et al., .1991 , Western blotting (Wigle et al., 1333) , in situ hybridization (Kemens et al., 1335; Raap et al., 1995) , and immunocytochemistry (Men et al.. 1995; Berghorn et al., 1994; Adams, 1992) . Tyramide amplification (TA) allows high resolution detection of primary antisera because the tyramide complex precipitates only at the site of reaction. Primary antisera can be applied for reduced incubation times or at lower concentrations, resulting in reduced background. We have used TA with concentrations of primary antisera that are below the detection limit of fluorescently conjugated secondary antisera. f i e r TA, a second primary antiserum raised in the same species as the first primary antiserum was then localized with a fluorophoreconjugated secondary antiserum. We dual immunolabeled cultured cells with mouse monoclonal antibodies (MAbs) to nestin and microtubule-associated protein 2 (MAP2). Polyclonal rabbit antisera against growth-associated protein 43 (GAP43) and synapsin I were used to stain sections of embryonic mice. Dual labeling by this method enabled us to distinguish individual neuronal cells in the developing mouse on the basis of their state of differentiation.
Materials and Methods
Tissue Preparation. Timed-pregnant Swiss Webster mice were purchased from Harlan Sprague Dawley (Indianapolis, IN). The morning on which a vaginal plug was seen was designated embryonic Day 0 (EO). Pregnant mice were sacrificed on gestational Days 14-16 and fetuses were rapidly removed from the uterus and transferred to a cold solution of either Bouin's fixative or Histochoice (AMRESCO; Solon, OH). Tissue was fixed overnight at 4 T , then washed several times with 70% EtOH. Fetuses were embedded in paraffin and cut into serial sagittal or coronal sections, 4 pm thick, and mounted on glass slides. Before immunolabeling, sections were deparaffinized by two washes in HemoDe (Fisher; Pittsburgh. PA), three washes with isopropanol, and finally rinsed in running tapwater.
Cell Culture. Primary telencephalic cultures were prepared as previously described (Shindler and Roth, 1996) . Briefly, fetuses (E12) were placed in cold dissociation medium, whole brains were removed from the membranous skull, meninges were removed, and telencephalic vesicles were isolated. Telencephalic tissue was dissociated by brief trypsinization [ 20 min at 37°C in 0.01% trypsin with 0.004% E m (Sigma; St Louis, MO), and 0.001% deoxyribonuclease I (Sigma) in dissociation medium], followed by two rounds of mild trituration with fm-polished F'asteur pipettes. Dissociated cells were washed, counted, and diluted in serum free medium (Bottenstein and Sato, 1979) . Approximately 100,000 cells were plated on top of a 15-mm glass coverslip in each well of a 24-well plate. Coverslips had been precoated with 0.1 mglml poly-L-lysine (Sigma) followed by 0.01 mg/ml laminin (Collaborative Biomedical Products; Bedford, MA). Cultures were incubated at 37°C and 5% CO2 for 24 hr, then fuced overnight at 4'C in Bouin's fixative.
Antisera and Reagents. The anti-nestin MAb (Rat-401) was raised in mouse and was obtained from the Developmental Studies Hybridoma Bank (Iowa City, IA). Mouse anti-MAP2 antibodies were purchased from Sigma. Rabbit anti-GAP43 antiserum was from Dr. M. Willard (Washington Univ., St Louis, MO), and rabbit anti-synapsin I antiserum was from Dr. M. Landt (Washington Univ.). Cy3-conjugated donkey anti-mouse (DAM-Cy 3). Cy3-conjugated donkey anti-rabbit (DAR-Cy3). and biotinconjugated donkey anti-rabbit (DAR-biotin) antisera were all purchased from Jackson ImmunoResearch Laboratories (West Grove, PA). Biotinconjugated horse anti-mouse (HAM-biotin) antise" was from Vector Laboratories (Burlingame. CA). Tyramide amplification reagents, including streptavidin-HRP, fluorescein-tyramide, blocking reagent and amplification diluent were purchased from DuPont NEN (Renaissance TSA-Direct (green); DuPont NEN, Boston, MA).
Single-label Immunocytochemistry. Primary antibodies were diluted in PBS blocking buffer (0.1 M PBS, pH 7.4, with 1% BSA, 0.2% powdered milk, and 0.3% Triton X-100) and applied overnight at 4°C at several dilutions. Biotinylated secondary antibodies were diluted in PBS blocking buffer (DAR-biotin at 1:lOOO and HAM-biotin at 1:lOO) and applied for 1 hr at room temperature (RT). Tissue was incubated in TNB buffer (0.1 M Tris-HCI, pH 7.5; 0.15 M NaCI, and 0.5% DuPont Blocking Reagent) for 30 min at RT, then incubated in streptavidin-HRP diluted 1:500 in TNB for an additional 30 min. Three washes with Tris buffer (0.1 M Tris-HC1, pH 7.6, and 0.15 M NaCI) were followed by a 10 min application of fluorcscein-tyramide diluted 1:100 in 1 x Amplification Diluent (DuPont). Tissue was washed three times with Tris buffer and twice with PBS. To control for the ability of Cy3-conjugated secondary antibodies to detect the diluted primary antisera after the biotin and streptavidin steps, Cy3-conjugated secondary antibodies diluted 1:400 in PBS blocking buffer were applied for 1 hr at RT. Nuclei of all cells were labeled for 10 min at RT with a 0.04 pg/ml solution of bisbenzimide (Hocchst 33258; Sigma) in PBS. Coverslips were mounted on glass slides in PBSglycerol(1:l) and visualized on a Zeiss-Axioskop microscope equipped with epifluorescence.
Double-label Immunocytochemistry. The first primary antiserum was applied overnight at 4'C at a dilution that was undetectable by Cy3conjugated antisera (see Results), and was detected by TA as described above.
After a 10-min application of fluorescein-tyramide, tissue was washed and the second primary antiserum was applied overnight at 4'C. The second primary antiserum was detected by a 1-hr incubation with Cy3conjugated secondary antibodies diluted 1:4OO in PBS blocking b&r, nuclei were stained with bisbenzimide. and coverslips were mounted with PBS-glycerol.
Results
To determine what concentrations of primary antibody could be detected by TA, but not by Cy3-conjugated secondary antibodies, cultured telencephalic cells were incubated with the nestin antibody diluted 14, 1:40, or 1400. Cultures were then stained sequentially by TA and by DAM-Cy3. No nestin immunoreactivity was detected with DAM-Cy3 antibodies at any ofthe three primary antibody dilutions (data not shown). Nestin was also not detectable by TA in cultures incubated with the nestin antibody at 1:400 (data not shown). In cultures stained with the nestin antibody at 1:4 or 1:40 and detected by TA, nestin immunoreactivity was visualized as a green fluorescent signal localized to cell bodies or short cell processes ( Figure 1A) . Bisbenzimide staining of all cell nuclei was visualized as a blue fluorescent signal.
Cultures that were stained with the nestin antibody at 1:4 using TA were subsequently stained for MAP2 using antisera diluted 1:1O,O00, followed by detection with DAM-Cy3. MAP2 immunoreactivity was visualized as a red signal found throughout the cell bodies and neuritic processes of some cells ( Figure 1B ). MAP2 staining was not detected in cell nuclei, which were stained with bisbenzimide. Strong nestin and MAP2 immunoreactivity occurred in distinct cell populations with very little co-localization ( Figure IC) , indicating that the DAM-Cy3 antiserum did not detect the nestin antibody.
Dual immunolabeling with TA and Cy3-labeled secondary antibodies was also used for detecting polyclonal antisera in tissue sections. GAP43 and synapsin I antisera were used to stain neurons in sections of E15-El6 mice fixed in either Bouin's solution or Histochoice. Synapsin I antiserum diluted 1:2OO could be detected by both TA and DAR-Cy3 amplification. However, synapsin I immunoreactivity could be detected only by TA when a 1:2000 dilution of primary antibody was used ( Figure ID) . No synapsin 1 immunoreactivity was seen in sections incubated with the primary antiserum diluted 1:20,000 and detected by TA or DAR-Cy3 (data not shown). Synapsin I immunoreactivity was detected in neuritic processes in regions of mature neurons in the brain and spinal I -. P Figure 1 . E12 telencephalic cells were cultured for 24 hr and fixed in Bouin's solution. Cells were first stained with antibodies for nestin diluted 1:4 and detected with tyramide signal amplification, then were subsequently stained with antibodies for MAP2 diluted 1:10,000 and detected by Cy3-conjugated secondary antibodies (A-C). A sagittal section of an E15 mouse fixed in Histochoice was sequentially stained with antisera for synapsin I diluted 1:2000 and GAP43 diluted 1:8000 (D-F). (A) Green signal is nestin immunoreactivity detected by tyramide amplification. Blue staining shows all cell nuclei labeled with bisbenzimide. cord. Sections stained with the synapsin I antiserum at a 1:2000 dilution and detected by TA were subsequently stained with anti-GAP43 antiserum at a 1:8000 dilution using DAR-Cy3 detection. GAP43 immunoreactive cell processes and cell bodies were visualized as a red fluorescent signal (Figure 1E) . Synapsin I-immunoreactive processes were also GAP43 immunoreactive ( Figure 1F ).
Discussion
Dual label immunocytochemistry is used to co-localize developmentally expressed antigens in the nervous system. However, many of the available antibodies needed for these developmental studies are raised in the same species and therefore require the use of specialized staining methods. The optimal dilution of primary antisera for detection by TA has been reported to be up to 200-fold more dilute than standard staining protocols (Adams, 1992) . At these dilutions, most primary antisera are virtually undetectable by conventional fluorophore-conjugated secondary antibodies. On this basis, dual labeling was performed using TA to detect one highly diluted primary antiserum and fluorophore-conjugated secondary antibodies to detect a second primary antiserum. This technique allows dual label immunocytochemistry without altering, masking, or eluting the primary antibodies, procedures that include additional steps which may be time-consuming and may reduce the sensitivity of detection.
Nestin is an intermediate filament protein expressed by prolierating multipotential neuronal stem cells and progenitor cells (Dahlstrand et al., 1995; Lendahl et al., 1990) . MAP2, a protein found in dendrites of mature neurons, exists in several isoforms: MAP2a, b, and c (Tucker, 1990) . Early in neuronal development, MAP2 localization is not restricted to dendrites but is also found in cell bodies and axom (Papandrikopoulou et al., 1989) . Dual immunofluorescent labeling of telencephalic cells with antisera against both nestin and MAP2 enabled us to distinguish neuronal precursor cells from differentiating neurons. Despite the fact that both primary antisera were raised in mouse, DAM-Cy3 did not detect nestin immunoreactivity at the primary antibody concentrations examined. In addition, MAP2 immunoreactivity localized almost exclusively to cells that did not contain nestin immunoreactivity. If crossreactivity of DAM-Cy3 with any reagent from the TA system had occurred, then nestin immunoreactive cells would have dual labeled with the Cy3 signal.
Dual labeling with TA of dilute primary antisera was also shown to work in tissue sections with rabbit polyclonal antisera against GAP43 and synapsin I. GAP43 is normally expressed in growth cones and axons of developing neurons ( G o s h et al., 1988,1990) , and synapsin I is a neuron-specific protein concentrated at synapses in mature neurons (De Camilli et al., 1983) . Dual labeled cell processes represent more mature neurons, which have probably begun to form synapses. In contrast, those cells labeled only for GAP43 may be considered less mature developing neurons. Dual labeling was not due to Cy3-conjugated antiserum recognition of synapsin I, because control sections stained with synapsin I (at 1:2000) and TA did not contain any immunoreactivity detected by The method used for dual label immunocytochemistry outlined here should prove useful for examining the regulation of proteins in the developing nervous system. Previous work has shown that proliferative neuronal precursors express nestin and that early postmitotic differentiating neurons express MAP2. At the level of individual cells, however, it remained unclear whether nestin expression turned off before or after MAP2 expression increased. Because only rare cells were found that were immunoreactive for both nestin and MAP2, we suggest that nestin expression may be turned off before upregulation of MAP2. Similar questions about the sequence of protein regulation can be addressed as antibodies to other developmentally regulated proteins become available, even if antibodies raised in the same species must be used.
Pairs of antisera, regardless of the species of origin, can now be used for dual labeling studies without compromising the sensitivity of the primary antibodies. Furthermore, because antibodies are DAR-Cy3. used in an unconjugated form and are detected by commercially available detection systems, this technique should be immediately applicable after a simple titration of the first primary antiserum dilution.
